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@ Flexible dielectric waveguide for high efficiency middle IR wavelength transmission. 

© A flexible cylindrical cable enclosing an optical wave- 
guide for the transmission of infrared laser light by meeris of 
a multiplicity of elongated solid rods disposed in a liquid 
medium. Both the material for the rods and the liquid 
medium are dielectrics selected for their ability to efficiently 
transmit infrared energy et a wavelength of 10.6 micro- 
meters. Losses at the interface between the solid rods and 
the liquid medium ere minimized by matching the respective 
materials' indices of refraction. In a preferred embodiment 
the rods are fabricated from ZnSe, the liquid is CS 2 and the 
outer diameter of the cable is sufficiently small to permit 
passage through the human throat. 
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FLEXIBLE DIELECTRIC WAVEGUIDE FOR HIGH EFFICIENCY MIDDLE 
IR WAVELENGTH TRANSMISSION , . 
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Technical Field 

This invention relates to dielectric waveguides and more 
particularly to a flexible optical fiber for guiding 
infrared (IR) laser light generated by a gas laser, 
typically a CO or a C0 2 laser. 

Background Art 

Flexible waveguides, frequently referred to as optical 
fibers, for the transmission of optical signals are used 
15 widely now in the field of optical communications. The 
transmission of infrared laser light through a flexible 
optical waveguide has tremendous appeal in both industrial 
and medical applications. 
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The typical infrared optical fiber for the transmission of 
C0 2 laser power utilizes a polycrystalline cladded fiber. 
One such fiber is KRISTEN/5 developed by Horiba, Ltd. of 
Kyoto, Japan, described in Horiba Bulletin: HRE-3827A. 
KRISTEN/5 is an extruded bulk fiber of thallium bromoio- 
dide (KRS-5), an alkali halide. While Horiba's KRISTEN/5 
waveguide provides high power transmission of C0 2 laser 
energy at 10.6 pm there are substantial radiation losses 
noted with this material due to reflection at the end 
surfaces of the fiber as well as internal absorption and 
scattering inside and along the fiber surfaces, resulting 
in the product having a total transmissivity rating for 
the middle infrared wavelengths of approximately' 55%. 
offset these losses a more powerful source of C0 2 laser 
energy is required. Such increases in C0 2 laser power 
35 output result in approximately proportional increases in 
laser generating cost. 
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A KRS-5 fiber is extremely flexible at room temperature, 
as reported by D. A. Pinnow et al. of the Hughes Research 
Laboratories inMalibu, California, in "Polycrystalline 
fiber optical waveguides for infrared transmission", Appl. 
5 Phys. Lett. 33(1), 1 July 1978 at p. 28. Horiba has 

found, however, that KRISTEN/5 deteriorates when exposed 
for many hours, at temperatures in. excess of 80°C. To 
prevent overheating, the Horiba fiber is air cooled 
through an outer cylindrical sleeve. Thus, even though 

10- the crystalline core has a diameter in the 1 nun range, the 
completed Horiba infrared cable has a relatively large 
outer diameter making it impractical for endoscopic 
applications. In addition, .KRS-5 is toxic and dangerous 
when ingested. See "Guide to ir-transmissive materials 0 , 

15 Laser Focus, December 1976 at p. 48. 

Summary of the Invention 

We have invented a flexible optical waveguide for high 
20 power high efficiency transmission of CO z laser energy at 
10.6 urn which is sufficiently slim to conveniently pass 
through the throat of a normal human patient. Our optical 
waveguide is all dielectric and requires no air cooling. 
The waveguide comprises a conventional cylindrical or 
25 square cross-sectional cladding surrounding an infrared 

light transmitting core with the core index of refraction 
being greater than that of the cladding. The core 
includes a plurality of closely packed solid inflexible 
rods fabricated of an IR transmissive material and 
30 immersed in a liquid or molten dielectric. The cladding 
is encased in a flexible outer sleeve having an outer 
diameter in the range of approximately 2 millimeters.' 

In a preferred embodiment, the solid rods are made of zinc 
35 selenide r ZnSe, an amorphous Irtran material of hot- 
pressed polycrystalline composition commercially available 
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from the Eastman Kodak Company. ZnSe is an excellent 
transmitter of laser light at middle infrared wavelengths; 
is not hygroscopic , thus its transmissivity will not 
degrade with time (water absorbs IR laser light); and is 
also a non-toxic material. Continuous transmission as 
well as the requisite overall flexibility to the waveguide 
is accomplished by limiting the solid inflexible ZnSe rods 
to approximately one centimeter lengths and immersing them 
in a liquid dielectric such as carbon disulfide, CS 2 . 
Since there is relatively little liquid in the core, the 
transmissive efficiency of the liquid at the requisite 
wavelength need not be as great as that of . the solid 
dielectric. Since the index of refraction of ZnSe is 
substantially different than that of CS 2 , the ZnSe rods 
are coated to minimize the reflection losses that would 
otherwise occur at the interfaces between the two 
dielectrics of the different refractive indices. 

In another preferred embodiment, the solid rods are again 
made of a highly IR transmissive material with an absorp- 
tion coefficient less than 0.005 cur 1 , in the range of 
about 0.001 cm" 1 , such as cesium iodide, Csl, which has an 
index of refraction, n r of about 1.72. The liquid in 
this embodiment is a combination of two miscible liquids, 
one having a refractive index greater than n r and the 
other less than n r . The two liquids are mixed in such 
proportion that their combined refractive index matches 
n r , that of the solid rods. This embodiment obviates 
the need to coat the rods. 

In the best mode of our flexible dielectric waveguide, a 
one meter length having a single 90 degree bend will 
transmit in excess of 90 percent of high power C0 2 laser 
energy at the prescribed middle infrared wavelength of 
10.6 um. The effects of bends is presented in quantita- 
tive terms in a separate section below. 
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Fig. 1 shows in perspective an infrared optical waveguide 
cable according to the present invention; 

5 

Fig, 2 shows an enlarged section taken along line 2-2 of 
Fig. 1 illustrating one of the solid rods used for 
transmitting infrared energy; 

10- Fig, 3 is a section taken along line 3-3 of Fig, 2 wherein 
the solid rod has a square cross-section; 

Fig. 4 is a fragmentary elevation of a portion of the 
cable; 

15 

Fig. 5 is an enlarged section of a portion of the cable 
similar to Fig. 2 in a bent orientation; 

Fig. 6a illustrates a handpiece having a lens for focusing 
20 the laser output; 

Fig. 6b illustrates a tapered hollow dielectric pipe for 
use as an end piece; 

25 Fig. 6c illustrates a tapered solid dielectric end piece; 

Fig. 7 is a section similar to Fig. 3 with an alternate 
configuration for the cladding; and 

30 Fig. 8 is a viev; similar to Fig. 3 illustrating an 

alternate embodiment wherein the solid rod. has a circular 
cross-section. 

Description of the Preferred Embodiments 

35 

An infrared "optical fiber" which is a certain type of 
dielectric waveguide for guiding light waves designated 
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generally as 10 is illustrated in Fig. 1. ' The optical 
fiber cable 10 is shown attached at one end to a source of 
laser energy by means of an interface 12 as shown in 
partial schematic in Fig. 1. Interface 12 designates the 
input end of the optical fiber 10 and typically includes a 
lens (not shown) to match the incoming laser beam to the 
fiber 10 - Fig. 1 also shows in schematic form a handpiece 
14, to permit manipulation of the laser output. One or 
more lenses may be included in the handpiece 14 to provide 
collimation of the light output emanating from the optical 
fiber. The fiber 10 may also end in any of a variety of 
end pieces examples of which are illustrated in Figs. 6a- 
6c and discussed below. 

For purposes of this discussion, the optical fiber 10 will 
refer to the entire cable between interface 12 and hand- 
piece 14 and not merely to the waveguide portion. A 
detailed straight portion section of the optical fiber 10 
variously referred to as a "light pipe" or a flexible 
dielectric waveguide is shown in Fig. 2. In a preferred 
embodiment, the. optical fiber 10 is approximately a one 
meter long cylindrical cable. The fiber 10 includes a 
flexible outer sleeve 16 having good thermal conductivity 
as well as durability and is preferably fabricated of 
braided metal strands. On the inner surface of the outer 
sleeve 16 there is provided a concentric cladding material 
10 having a relatively low index of refraction such as a 
plastic (e.g.. f Teflon*) to thereby avoid scatter and field 
distortion of the transmitted light. The cylindrical 
region within- the cladding material 18 is generally 
referred to as the core 20* in conventional optical fiber 
terminology. The materials comprising the core are 
selected for their high index of refraction relative to 
that of the cladding material 18 to afford total internal 
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reflection within core 20 of the transmitted laser light. 
The cladding material need not be IR transmissive as 
discussed in detail below. 

In the best mode of the present invention, the core 20 is 
all dielectric and includes a plurality of solid rods 22 
suspended in a liquid medium 24. The rods have a length t 
of approximately one centimeter and are fabricated fron a 
compound having a very high rate of transmission of infra- 
red energy at a wavelength of 10.6 micrometers, the wave- 
length characteristic of C0 2 lasers. One such material is 
the non-hygroscopic dielectric Irtran material zinc sele- 
nide (Irtran 4), which has a refractive index of approxi- 
mately 2.4. ZnSe has total transmission loss at 10.6 un 
of less than 0.1% per centimeter. There are a few materi- 
als that may be substituted for ZnSe, such as certain 
alkali halides, for example,, polycrystalline thallium 
bromide and thallium bromoiodide (KRS-5). However, such 
hal'ides require a vacuum tight environment because of 
their propensity to absorb moisture from the atmosphere 
which in turn deteriorates their IR transmissivity. A 
non-exhaustive list of IR transmissive materials for rods 
is set forth in Table 1. 



TABLE 1 



Material 



Index of 
Refraction* 



Absorption 
Coefficient/cm* 



ZnSe 

NaCl 

KC1 

AgCl 

AgBr 

Ge 



CdTe 
GaAs 
Csl 
KBr 



KRS-5 
Diamond 



2.40 
1.49 
1.45 
1.98 
2.00 
4.01 
2.30 
2.00 
2.71 
3.76 
1.72 
1.53 



0.001 

0.002 

0.001 

0.005 

0.005 

0.032 

0.001 

0.0003 

0.002 

0.01 



0.0004 



^Approximate 
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As shown in Fig. 3, the solid rod 22 has a square cross- 
section approximately 1 mm x 1 mm with the diagonal dimen- 
sion of the square being slightly less* than the inside 
diameter of the cladding material 18. For ease of fabri- 
5 cation and to minimize the amount of liquid, an alternate 
cladding material configuration is used as shown in 
Fig. 7. The cladding material 10 1 has a cylindrical 
exterior but a modified interior/ conforming approximately 
to the square shape of the rods 22. Alternatively, the 
10 rods have a circular cross-section as illustrated by rod 
22' in Fig. 8. If a circular cross-section is used, the 
diameter of rod 22' is somewhat less than the inside 
diameter of the cladding material 18. 

15 The solid rods 22 are suspended in a liquid dielectric 

material 24/ preferably carbon disulfide, CS 2 , which also 
has high transmissivity of -infrared light at a wavelength 
of 10.6 via. Ether or germanium tetrachloride, GeCl^, may 
be substituted for CS 2 as the liquid 24. Regardless of 

20 the choice of liquid, however, it must have a high rate of 
transmissivity of infrared energy at the prescribed 
wavelength and since., the cable 10 is intended to be 
inserted into a patient's throat, it should preferably be 
relatively non-toxic. For use as an endoscope, the outer 

25 diameter, d, of the cable 10 is about 2 mm. 

CS 2 has a refractive index of approximately 1.6. In the 
ideal situation, the refractive index of the liquid 24 
should be the same as the refractive index of the solid 

30 rods 22. Otherwise, the propagation of the light wave 

through the dielectric interface between the two materials 
will result in a portion of the wave being reflected at 
the interface, thereby resulting in attenuation of the 
transmission. This problem is avoided by index matching 

35 between the liquid 24 and the solid rods 22 by coating the 
solid rods with a material having a third index of refrac- 
tion. The coating should be one- fourth the thickness of 
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the wavelength of the transmitted wave and should have an 
index of refraction satisfying the following relationship: 



where: 

n c = index of refraction of the coating material; 

ni = index of refraction of the liquid; and 

10 n r = index of refraction of the rod. 

Thus, for a ZnSe rod having an index of refraction of 
approximately 2.4 disposed in liquid CS 2 having an index 
of refraction of approximately 1.6. the index of refrac- 
15 tion of the coating material should be in the range of 1.9 
to 2.0. The coating may be applied to the ZnSe rods by 
the well-known vacuum deposition technique. 

The requirement for coating the solid rods 22 is obviated 
20 by suspending the rods 22 in a combination of two or more 
IR transmissive .miscible liquids in such proportion that 
the index of refraction of the combination matches the 
refractive index of the material used for the rods. 

25 Preferred choices for these liquids are carbon diselenide, 
CSe 2 , which has a refractive index of about 1.85, combined 
with carbon disulfide, CS 2 , which has a refractive index 
of about 1.63. A preferred choice for the rod material 
then would be an IR transmissive solid having a refractive 
30 index within the range for these miscible liquids, such as 
cesium iodide, Csl, which has a refractive index of about 
1 72. Other combinations of IR transmissive miscible 
liquids will permit the choice of other rod materials. 
Since most IR transmissive liquids have refractive indices 
35 lower than that of ZnSe, the choice of solid rod materials 
utilizing this technique is limited. In general, most low 
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loss ir transmissive materials are compounds having a 
relatively simple molecular configuration comprising heavy 
atoms thereby assuring fewer vibrational quantum numbers. 

Still another embodiment to the liquid/solid light pipe is 
one in which the liquid is not necessarily a liquid at 
room temperature, but has a low melting and/or softening 
temperature «100»C). The melting or softening tempera- 
ture is maintained by the use of heater elements around 
the light pipe. Of particular utility, for the 10.6 w 
region is selenium, which is relatively non-toxic in ele- ' 
mental form and which has excellent IR transmission. As a 
further advantage, selenium's refractive index is very 
close to ZnSe's refractive index, so that uncoated ZnSe 
15 rods serve as the solid rod material. Finally, molten 
selenium is highly compatible chemically with ZnSe. 

As assembled, the fiber 10 will include sufficient numbers 
of the solid rods 22, as shown in Fig. 4, so that, on the 
20 ^ average, the separation between adjacent rods 22 will be 
' on the order of 0.01 to 0.05 millimeter. Such spacing, 
see Fig. 5, will permit a one meter length of fiber 10 to 
be able to take a 90 degree bend. The total liquid path 
length is approximately that of the diameter d of the 
25 fiber, i.e., about 1-5 mm. Since the absorption coeffi- 
cient a of the liquid is much greater than that of the 
rods, the amount of the liquid should be minimized as" 
constrained by the 90« bending requirement. When ZnSe is 
used as the material for the rods 22 and the liquid medium 
24 is CS 2 , a one meter length of fiber 10 even when 
deflected 90 degrees will transmit approximately 90 
percent or more of the 10.6 urn infrared light it receives 
frora a carbon dioxide laser. 



30 
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For ease of fabrication and to mininize the volume of 
liquid, an alternate cladding material configuration as 



BNSOOCID: <EP 0105706A2_I_> 



0105706 

shown in Fig. 7 is used. The cladding material 18 9 has a 
cylindrical exterior but a modified interior, conforming 
approximately to the square shape of the rods 22. 

Any of several end pieces, such as handpiece 14 or the 
embodiments illustrated in Figs. 6a, 6b, and 6c, may be 
conveniently attached in known fashion to the end of the 
light pipe 10 for directing the output as needed. -The 
handpiece 14 f is illustrated in Fig. 6a includes a 
cylindrical portion 26 whose outer diameter matches that 
of the light pipe 10. Forward of the cylindrical portion 
26 there is a tapered portion 23 from which the beam 
exists. A lens 30 is provided to collimate the exiting 
output laser beam. An alternative to handpiece 14' is a 
tapered hollow endpiece 32. The endpiece 32 has a solid 
outer sleeve 34 which is connectable to the output end of 
light pipe 10. Otherwise, the endpiece 32 is hollow with 
collimation achieved by its tapered configuration. The 
same configuration as that of endpiece 32 is disclosed in 
Fig. 6c in which the endpiece 32' also has an outer sleeve 
34 1 but is further provided with a core 36. Preferably 
the core is made of selenium glass; however, in general, 
any dielectric material will function provided its refrac- 
tive index is greater than that of the outer sleeve 34'. 

Effects of Bends 

The decollimation experienced for a 90° bend is given by: 

A, cos Oo Ut = 2dR cos a in (2) 

R 2 -(d/2> 2 

» 

where: d = fiber diameter; 
R = bend radius; 

u in = half angle of incident cone; and 
a out = half angle of emergent cone. 
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For d « R, this reduces to: 

cos <x out = cos a in (l-2d/Rj (3) 

5 

For total internal reflection, the critical incident angle 
is given by: 

"»i sin ec m 

10 — - > i t4) 

n 2 

where: i\ 1 = core index; and 
n 2 = cladding index. 

15 

Combining (3) and (4): 

— > 1 (5) 

20 "2 cos o in [l-2d/R] 

For multiple bends, it follows that the half angle of the 
emergent cone is given by: 



35 



(6) 



25 cos a out = ll-2d/Rj T » 

where n is the number of 90° bends. Similarly, the 

refractive index, for perfect initial coll imat ion 

30 (cos a in = l), nus t obey: 

— > 1 (7) 



n 2 [l-2d/R] n 

Cladding Materials 

Various cladding materials are possible for this light 
Pipe. 
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"2 " »>2R + in 2i 



(8) 



5 where: n 2 B the complex refractive index of cladding; 

n 2R = the real part of the refractive index of 
cladding; 

n 2 i = the imaginary part of the refractive index 
of cladding; and 
10 n l = the refractive index, of core. 

Prom the previous derivation, it was shown that 

i (7) 



"1 

15 — > 



25 



30 



35 



n 2 ~ U-2d/R]" 

for: n = 2 

d = lrom 

20 R = 10cm, equation (7) yields: 



> 1.04 



* 2 R 

Similarly, in order for the modal analysis to be valid in 
a dense dielectric guide, it can be shown that: 

2 n 2 i h 2 r « ni 2 -n 2R 2 (8) 

or n 2i « (ni 2 -n 2 R 2 )/2n 2R <9> 
For n t ■ 1.6 
and o 2 = 1.5 
n 2 i « .1 

If n 2 i < .01, 

o < 120 cm -1 , where o = -dl/dz/I = absorption 
coefficient. 
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Hence, a material which is essentially opaque in the IR 
can still be suitable as a cladding material. Certainly, 
most plastics have absorption coefficients less than 120 
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CLAIMS 

1. A dielectric waveguide for use with a CG> 2 laser 
to transmit infrared light at a prescribed wavelength 
of 10 ,6 /Jin, which comprises: 

a) a flexible cylindrical sleeve having an outer 
5 diameter not substantially greater than 2 millimeters; 

b) an infrared transmissive liquid disposed 
within said sleeve and having a first refractive index, 
said liquid having a transmission loss of infrared 
energy at the prescribed wavelength not substantially 

10 greater than 10.0 percent per millimeter; and 

c) a plurality of elongated solid rods having a 
second refractive index and disposed within said sleeve 
in a closely packed arrangement allowing for some 
motion within said liquid, said rods having a trans- 

15 mission loss of infrared energy at the prescribed 

wavelength no more than 0,5 percent per centimeter of 
length, said second refractive index at the prescribed 
wavelength being no less than said first refractive 
index . 

20 2. A dielectric waveguide according to claim 1 

wherein said second index of refraction is higher 
than said first index of refraction and further 

comprising means for providing for close to* zero 
reflection of infrared light between said liquid 

25 and said rods, 

3. A dielectric waveguide according to claim 2 
wherein said solid rods are coated with a material 
having a third index of refraction which is 
approximately the square root of the product of the 

30 first and second indices. 

4. A dielectric waveguide according to claim i 

. \ * 

w herein said infrared transmissive liquid comprises 
a mixture of two mi sable components of different 
refractive indices and combined in such proportion 
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that their combined refractive index matches that of 
the elongated solid rods. 

5. A dielectric waveguide according to claim 4 
wherein said rods are of Csl and the infrared 

5 transmissive liquid comprises a mixture of CSe 2 and CS 2 

6. A dielectric waveguide according to any of claims 
1 to 3 wherein said flexible cylindrical sleeve 
surrounds a substantially non-hygroscopic dielectric 
core. 

10 7. A dielectric waveguide according to claim 6 wherein 
said solid rods are of ZnSe. 

8. A dielectric waveguide according to claim 7 
wherein said infrared transmissive liquid is CS 2 , 
ether, GeCl^, or molten selenium. 
15 9. A dielectric waveguide according to any of claims 
l to 8 wherein a meter length section of said wave- 
guide may be deflected 90 degrees. 

10. A dielectric waveguide according to any of claims 
1 to 9 wherein said infrared transmissive liquid is 
* 20 relatively non-toxic. 
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© Flexible dielectric waveguide for high efficiency middle IR wavelength transmission. 

© A flexible cylindrical cable enclosing an optical wave- 
guide for the transmission of infrared laser light by means of 
a mulitplicity of elongated solid rods (22) disposed in a liquid 
medium (24). Both the material for the rods and the liquid 
medium are dielectrics selected for their ability to efficiently 
transmit infrared energy at a wavelength of 10.6 micro- 
meters. Losses at the interface between the solid rods and 
the liquid medium are minimized by matching the respective 
materials' indices of refraction. In a preferred embodiment 
the rods are fabricated from ZnSe. the liquid is CS 2 and the 
outer diameter of the cable is sufficiently small to permit 
passage through the human throat 
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